A review study was conducted to examine the adverse effects of styrene, styrene mixtures, or styrene and/or styrene mixtures and noise on the auditory system in humans employed in occupational settings. The search included peer-reviewed articles published in English language involving human volunteers spanning a 25-year period (1990e2015). Studies included peer review journals, caseecontrol studies, and case reports. Animal studies were excluded. An initial search identified 40 studies. After screening for inclusion, 13 studies were retrieved for full journal detail examination and review. As a whole, the results range from no to mild associations between styrene exposure and auditory dysfunction, noting relatively small sample sizes. However, four studies investigating styrene with other organic solvent mixtures and noise suggested combined exposures to both styrene organic solvent mixtures may be more ototoxic than exposure to noise alone. There is little literature examining the effect of styrene on auditory functioning in humans. Nonetheless, findings suggest public health professionals and policy makers should be made aware of the future research needs pertaining to hearing impairment and ototoxicity from styrene. It is recommended that chronic styrene-exposed individuals be routinely evaluated with a comprehensive audiological test battery to detect early signs of auditory dysfunction.
Introduction
Hearing involves the ear's ability to detect sounds and the brain's ability to interpret those sounds, principally speech. Hearing loss is a common problem causeddindividually or collectivelydby noise, aging, disease, and heredity. Two types of hearing loss may occur, conductive or sensory, with exposure duration to certain chemicals playing a role in the magnitude of auditory malfunctioning [1] . In the work setting, sensory or noiseinduced hearing loss is one of the most common occupational diseases [2] .
Toxicity from solvents may occur from accidental and/or deliberate inhalation of fumes, ingestion, or dermal absorption. Ototoxicity is commonly medication-induced; however, there are increasing scientific data indicating that exposure to some industrial solvents and other substances are associated with a risk of auditory loss in humans [3] . As well, the interaction of industrial chemicals, including styrene, and noise has traditionally received little empirical consideration [3] .
The ear is a complex organ in support of hearing, transmitting sound information to the brain, where it is perceived and interpreted [4] . The ear has three main components: outer, middle, and inner. The outer ear consists of the pinna and external auditory canal. Both structures aid in collecting and transmitting amplified sound to the middle ear. The middle ear consists of tympanic membrane (eardrum) and three small bonesdmalleus, incus, and stapesdenhancing energy transfer from the outer to inner ear. The inner ear consists of sensory receptors [inner hair cells (IHCs) and outer hair cells (OHCs)], responsible for neural impulse initiation in the auditory nerve. Within the inner ear, the fluid-filled cochlea contains nerves specific for hearing. In coordination with other parts of the inner ear, the cochlea processes sound waves and transmits electrical signals, via nerves, to the brain. The inner ear component, the spiral-shaped cochleadspecifically the organ of Cortidis considered the target organ for solvents [5, 6] .
Styrene studied in rodents has been shown to cause a loss of auditory sensitivity in the midfrequency range and affect the OHCs, leaving the IHCs unaffected [7e9]. Styrene has been shown to cause the most damage to the OHCs along the basilar membrane [10] . With styrene concentrations of 600 ppm, substantial OHC loss occurs in the upper basilar membrane, leaving IHCs intact [11] . Investigators also concluded that at styrene concentration levels between 300 ppm and 600 ppm, a threshold for styrene ototoxicity in rats was apparent [11] . In rat models, Lataye et al [12] indicated an exposure duration of 3 months or more as a critical period for enhancing styrene ototoxicity.
Further research incorporating rat models indicate injury to the cochlea is also present with exposure to both noise and styrene [13] . At both low-intensity noise and low styrene concentrations, a potentiation risk of styrene-induced hearing loss by noise has also been documented [14] . Noise-induced hearing loss is due primarily to cilia damage, whereas styrene-induced hearing loss is caused by its toxic effect on the organ of Corti [8, 13] . Campo et al [15] demonstrated that in exposed rats, cerebrospinal and inner ear fluids were free from detectable solvents, whereas the organ of Corti and associated nerves displayed levels of styrene contamination. Specifically, OHCs, when compared to IHCs, appeared to be the principal targets for industrial styrene within the organ of Corti. Styrene, transported by blood, diffuses via the stria vascularis to the OHC via the lipid-rich content of the membranes of outer sulcus cells (OSCs), modifying the membrane fluidity and structure. Disruption of the membranous OSC structures may be the genesis for cochlear injury, with further membranous impairments having mechanical insults on the organ of Corti [15] . Lataye et al [8] reported that the combined exposure to styrene and noise (8e16 kHz range) in rats demonstrated that threshold elevations and OHC losses exceeded the summed loss caused by styrene and noise alone. Their results suggest a permanent synergistic loss of auditory sensitivity with the combination of two ototoxic agents [8] .
Rodent models also suggest that aging may also factor into additional hearing dysfunction when exposed to styrene. Campo et al [16] suggested that the presbycusis process may be enhanced with subsequent styrene exposure. Investigators cautioned that exposure results were not conclusive; however, further histopathological analysis showed an enhanced presbycusis [16] .
Hearing loss and balance disturbances may occur in humans at levels below permitted levels of exposure to industrial solvents. Also, a synergistic effect of combined exposure to solvents and noise has been noted in humans, resulting in greater hearing losses than would be expected from exposure to noise and solvents alone [6] . Onset of hearing loss may be rapid or gradual, with severity related to the amount, time of exposure, and interactions with other physical or chemical agents. Cautionary consideration should be given to rodent studies, with higher styrene levels administration and lower timeframe exposures, than seen in human study data.
Styrene (CAS Reg. 100-42-5), also referred to by its trade names ethenyl benzene, vinyl benzene, phenylethylene, and styrol, is an organic compound. With a chemical formula of C 6 H 5 CH ¼ CH 2 or C 8 H 8 , styrene is an oily, colorless liquid that evaporates easily [17] . At low concentrations, styrene's odor presents as a sweet smell, although higher concentrations presents a less pleasing odor [17] . Styrene, a monomer, is the precursor to polystyrene, which can then be further molded and shaped. Adding a vinyl group to the monomer allows styrene to polymerize. Styrene, as a precursor for polystyrene plastics, has had commercially significant importance in the manufacturing of products including insulation, fiberglass, pipes, automobile and boat parts, food containers, and carpet backing [18, 19] . However, the most significant use ofdand subsequent occupational exposure todstyrene is as a cross-linking agent in polyester resins for the production of glass-fiber-reinforced plastic products, specific to gel coating and laminating operations [20, 21] . Exposure to styrene may occur either in occupational and nonoccupational settings; however, workers employed in certain occupations potentially are exposed to high levels of styrene compared with the general population [17] . Occupational exposure to styrene may occur during production of styrene monomer, polystyrene or styrene copolymers, glass-fiber-reinforced plastics, and styreneebutadiene rubber [17, 22] . Exposure routes for styrene include inhalation, skin absorption, ingestion, and/or eye contact. Signs and symptoms of styrene exposure may consist of nose, eye, and respiratory irritation, headache, dizziness, confusion, drowsiness, unsteady gait, and contact dermatitis, with possible liver injury and reproductive effects [23, 24] . Common health problems from extreme occupational exposure concentrations (e.g., levels 1,000 times higher than normal environmental levels) are specific to the nervous system [17] . Type and severity of health effects depends on several factors, including the amount of chemical an individual is exposed to, as well as length of exposure time [17] . Furthermore, important to this document, styrene has been shown to possibly disrupt the auditory system in both animals and humans [25] . The National Institute for Occupational Safety and Health (NIOSH)-recommended exposure limit for styrene is established at 50 ppm (215 mg/m 3 ) as a time-weighted average (TWA). Also, 15 minutes as a short-term exposure limit (STEL) has been established by the NIOSH at 100 ppm (425 mg/m 3 ).
Conversely, the Occupational Safety and Health Administration (OSHA) permissible exposure limit for styrene is established at 100 ppm, as a TWA. As well, OSHA has also established a Ceiling (C) limit at 200 ppm, with a 600-ppm 5-minute maximum peak during any 3-hour timeframe [17] . Currently, styrene is classified by OSHA as a "Possible Select Carcinogen," and by the International Agency for Research on Cancer as a "Group 2B Carcinogen," possibly carcinogenic to humans [23, 24] . The objective of this systematic review was to examine the adverse effects of the styrene auditory system in humans employed in various occupational settings, spanning the past 25 years (1990e2015). Studies referencing exposure to styrene or styrene and/or styrene mixtures with noise that negatively impact auditory functioning in humans were identified for review. These particular exposure scenarios tend to account for the majority of worker exposure to styrene in industrial settings [8, 26] .
Materials and methods
A systematic review of scientific literature was conducted detailing specific objectives, criteria for study selection, approach to abstracting data, and assessing study quality, outcomes, and research methods.
Review question
Does exposure to styrene or styrene and/or styrene mixtures with noise negatively impact auditory functioning in humans employed in certain industrial settings?
Criteria for considering studies and search strategy
Systematic search was conducted using Internet-based databases: GreenFILE, EBCOHOST, JSTOR, Academic Search Premier, and PubMed. The search included peer-reviewed articles published in the English language involving human volunteers spanning a 25-year period (1990e2016). Listed databases were used to retrieve abstracts and, if appropriate, full-text articles. The search terms included: styrene; "occupational workers" OR "factory workers"; and "ototoxicity" OR "ototoxic" OR "hearing loss" OR "hearing impairment" OR "auditory injury". Results from each search were then combined to identify articles that included ototoxicity in relationship with exposure to styrene, and any combination thereof.
The title and abstract of each identified study were reviewed. Studies were further included if they (1) appeared in peer-reviewed journals; (2) presented original data; (3) incorporated human volunteers; (4) published between the years 1990 and 2015; (5) reported occupational exposure; (6) were performed in developed countries; and (7) reported a minimum sample size of 10. Table 1 outlines the study inclusion and exclusion criteria. Results were grouped according to styrene, styrene mixtures, or styrene and/or styrene mixtures with noise, as well as occupational exposure; and discussed in narrative form.
Results
The initial search identified 40 studies. Of the 40 studies initially identified, a total of five studies were excluded. The five excluded studies were composed of three duplicate studies, one nonoccupational worker exposure population, and one systematic review. After initial exclusion, a total of 35 abstracts were retrieved for further examination. Of the 35 abstracts screened, 22 did not meet the inclusion and exclusion criteria outlined in Table 1 . The 22 excluded studies comprised 15 animal studies [7e14, 16,26e31] , two studies using special populations [32, 33] , four studies investigating heavy metal or pharmacological exposure [34e37], and one study investigating the protective effects for hearing loss [38] . From the remaining 13 studies meeting the inclusion criteria, the following data were extracted: hazard exposure(s), exposure level(s), study design, sample size, industry setting(s), assessment method(s), and outcome(s). Of the 13 remaining abstracts, all 13 articles were retrieved for full journal detail examination. Of the 13 articles retrieved, and after detailed examination, all 13 studies were used in the systematic review (Fig. 1) .
Description and methodological quality of excluded studies
Of the 22 excluded studies (Fig. 1) , 15 studies were excluded because they featured data collection using animals. The excluded animal studies included those conducted by Lataye et al [7, 8] , Crofton et al [9] , Gagnaire and Langlais [10] , Mäkitie et al [11] , Lataye et al [12] , Pouyatos et al [13] , Lataye et al [14] , Campo et al [16] , Harvilchuck [26] , Pouyatos et all [27] , Chen et al [28] , Loquet et al [29] , Pouyatos et al [30] , and Lund and Kristiansen [31] .
Two studies were excluded on the basis of data from special population participants other than workers occupationally exposed to styrene, styrene mixtures, or styrene and/or styrene mixtures with noise; the excluded special population participants included children [32] and military personnel [33] .
Four studies were excluded because of other occupational exposures in addition to styrene, styrene mixtures, or styrene and/or styrene mixtures with noise (Fig. 1) . The excluded occupational exposures in addition to styrene include heavy metals [34, 35] and pharmacological drugs [36, 37] .
One study was excluded because it investigated the protective effect of amino acid N-acety-L-cysteine (Fig. 1) . Excluded protective effects of amino acid N-acety-L-cysteine [38] .
3.2. Description and methodological quality of included studies
Study design
This review included two prospective cohort studies [25, 39] and nine caseecontrol studies [40e50] ( Table 2 ).
Participants
For the included studies, sample sizes ranged from 18 participants to 1,620 participants. Study sample sizes were reported as follows: n ¼ 18 [39] ; n ¼ 20 [25] ; n ¼ 28 [45] ; n ¼ 32 [40] ; n ¼ 93 [43] ; n ¼ 101 [48] ; n ¼ 299 [44] ; n ¼ 313 [41, 42] ; n ¼ 700; n ¼ 513 [47] ; n ¼ 1,117 [48] ; and n ¼ 1,620 [50] .
Exposure setting
Eight of the 13 studies included in the systematic review (n ¼ 4) included participants who were occupationally exposed to styrene, styrene mixtures, or styrene and/or styrene mixtures with noise in: plastic button manufacturing and fiber-reinforced bath manufacturing (n ¼ 2), yacht shipyard and plastic factory (n ¼ 1), and paint and varnish industry (n ¼ 1) ( Table 2) : fiber glass manufacturing (n ¼ 6) [25, 41, 42, 45, 46, 49] ; boat building construction (n ¼ 3) [39, 40, 50] ; and other occupational settings (n ¼ 4): plastic button manufacturing and fiber-reinforced bath manufacturing [43, 44] , yacht shipyard and plastic factory [47] , and paint and varnish industry [48] .
Outcome assessment
The included literature revealed little or no evidence for ototoxicity to significant auditory effects to styrene, styrene mixtures, or styrene and/or styrene mixtures with noise. Hazard exposure outcomes were classified as follows: (1) exposed to styrene only (15e600 ppm), (2) 3.2.4.1. Exposure to styrene only (n ¼ 4). One study revealed no effect on hearing; however, it documented an impact on the vestibular system at the subclinical effect level [25] . Hoffman et al [40] reported that styrene exposure did not have any effect on measured hearing levels, primarily because of a small sample size (n ¼ 32) and exposure of controls to low styrene levels. One study revealed effects on the auditory and balance systems after low-level exposure to styrene [39] . Finally, Triebig et al [50] referenced an increase in hearing thresholds at chronic and intense styrene exposure, with improvements in hearing thresholds during work and exposure-free periods.
Exposure to styrene and noise (n ¼ 5).
Four of five studies investigating the joint effects of styrene and noise reported some level of auditory dysfunction. Johnson et al [41] , Morata et al [42] , Morata et al [49] , and Sass-Kortsak et al [44] reported auditory system effects and poorer audiometric thresholds of exposed individuals. One study [45] reported no conclusive evidence for chronic styrene induced reduced hearing acuity, when accounting for both noise and styrene. To note, of the five studies subdivided into styrene and noise exposures, Sisto et al et al [45] incorporated the fewest reported study samples (n ¼ 28).
Exposure to styrene and/or other solvents with noise (n ¼ 4).
Four studies investigated styrene with other organic solvent mixtures with noise on auditory function. Two of the four studies [43, 48] reported upper limit hearing reduction and sensorineural high frequency hearing loss, respectively. Sliwinska-Kowalska et al [46, 47] reported that combined exposures to both styrene organic solvent mixtures may be more ototoxic than exposure to noise alone.
Interventions
For included studies, performance-processing evaluation was generally based on several assessment methods: (1) personal sampling; (2) measures of hearing thresholds; (3) transient evoked optoacoustic emissions [28, 45, 50] ; and (4) otoneurological test battery including measures of pure tone audiometry, speech discrimination, interrupted speech, distortion product otoacoustic missions, and cortical response audiometry [39,41e44,46,47,49], or pure tone audiometry and stapedius reflex measurements, vestibule-ocular reflex test, and rotating chair test [25, 48] . Four studies [25, 40, 45, 50 ] also included biological monitoring in assessment. Across most studies, pure tone audiometry was one of the primary hearing assessment methods. Studies by Möller et al [39] and Hoffman et al [40] stressed the importance of incorporating larger sample sizes.
Discussion
Styrene studied in rodents have been shown to cause a loss of auditory sensitivity in the midfrequency range and affecting the OHCs, leaving IHCs unaffected [7e9]. Research incorporating rat models and styrene have documented: (1) a possible threshold level (300 ppm and 600 ppm) [11] ; (2) exposure duration (3 months or more) [12] ; (3) synergistic effects of low-intensity noise and low styrene concentrations [8, 14] ; and (4) presbycusis as a possible additional factor for hearing loss, with styrene exposure [16] . In humans, low-level styrene exposure may have impacts on the auditory and vestibular systems [25, 39, 50] . A synergistic effect of combined exposure to solvents and noise has also been noted in humans, resulting in greater hearing losses than would be expected from exposure to noise and solvents alone [6] . Four of five studies investigating the joint effects of styrene and noise reported some level of auditory dysfunction [41, 42, 44, 49] . Finally, exposure to styrene and/or other solvents and noise may affect upper limit hearing and sensorineural high frequency hearing [43, 48] .
Ototoxicity and hearing loss in workers exposed to styrene
Calabrese et al [25] revealed no effect on hearing; however, they documented an impact on the vestibular system at the subclinical effect level [25] . Hoffman et al [40] reported that styrene exposure did not have any effect on measured hearing levels, primarily because of a small sample size (n ¼ 32) and exposure of controls to low styrene levels. One study revealed effects on the auditory and balance systems after low-level exposure to styrene [39] . Finally, Triebig et al [50] referenced an increase in hearing thresholds at chronic and intense styrene exposure, with improvements in hearing thresholds during work and exposure-free periods. However, Möller et al [39] stated that it was not feasible to demonstrate a doseeresponse relationship owing to (1) a relatively small sample size and (2) difficulty in distinguishing pure tone audiometry results for styrene exposure and effects caused by noise or age, individually or collectively. As well, referencing sample size, Hoffmann et al [40] reported styrene exposure having no effect on measured hearing levels, primarily because of a small sample size.
Ototoxicity and hearing loss in workers exposed to styrene and noise
Johnson et al [41] , Morata et al [42] , Sass-Kortsak et al [44] , and Morata et al [49] reported auditory system effects and poorer audiometric thresholds in exposed individuals. One study [45] reported no conclusive evidence for chronic styrene induced reduced hearing acuity, when accounting for both noise and styrene. It should be noted that Sisto et al [45] incorporated the fewest reported study samples (n ¼ 28) of all of the five studies subdivided by styrene and noise criteria. Four of the five studies investigating the joint effects of styrene and noise reported some level of auditory dysfunction.
Ototoxicity and hearing loss in workers exposed to styrene and/ or other solvents with noise
Four studies investigated styrene with other organic solvent mixtures with noise on auditory function. Sliwinska-Kowalska et al [46, 47] reported that combined exposures to both styrene organic solvent mixtures may be more ototoxic than exposure to noise alone. Morioka et al [43] and Sułkowski et al [48] reported upper limit hearing reduction and sensorineural high frequency hearing loss, respectively.
Hazard assessment
Although current recommendations have examined the hearing of workers exposed to potentially ototoxic chemicals [23, 25] , currently there are no regulations requiring such monitoring. As a result, there may be a number of workers exposed to potentially ototoxic chemicals in the presence of background noise, and few workers will be required to have regular hearing prevention tests because noise exposure levels may not exceed established regulatory noise guidelines [16] . Although there is information that exposure to certain chemicals alone or in combination with noise can produce auditory failure, it is likely that present hearing loss recognition and prevention practices are not sufficient to protect the worker [16] . Other hazard recognition issues include: the adequacy of pure tone audiometry testing in screening ototoxic chemically exposed workers, the appropriateness of the current styrene threshold limits when certain hazards occur simultaneously in the work place, and the role of hearing recognition and assessment as applied to the early identification of ototoxicity.
Implications for practice
As a whole, results range from no association between styrene and hearing loss to a low association between styrene and hearing loss due to styrene and other potential confounders. Also, this review notes the examination of relatively small sample sizes as a possible contributing factor for the lack of association.
Confounders such as exposure to excessive noise, both in and outside of the occupational environment, could significantly contribute to decreased hearing in workers. In most occupational settings, noise exposures occur in proximity of solvent exposures, with hearing losses observed. In these situations, hearing loss is often attributed to noise exposure, without regard to solvent exposure. In addition, rudimentary observation of a pure tone audiogram does not determine the etiology of an auditory disorder. Visually, the audiometric configuration of noise-induced hearing loss and ototoxic-induced hearing loss may be indistinguishable [16] . Additionally, variability among exposure hearing assessments between studies makes outcome comparison problematic. Medical surveillance of workers exposed to noise may also need to include those workers exposed to styrene and other organic solvents associated with ototoxicity. Morata and Campo [51] suggest proposing a strategy for preventing chemicalinduced hearing loss by analyzing further work site data that relates other potentially ototoxic exposure conditions to hearing loss.
Existing exposure limits for styrene may not be sufficient for preventing styrene-induced hearing loss. Alternatively, there is a possibility that peak significant exposures to styrene may be significantly contributing to causing styrene-induced hearing loss. Morata and Campo [51] further stated that it is common to observe high peak exposures in the work environment owing to the misuse of solvents rather than typical exposures over an 8-hour working day (20 ppm TWA) [52] . For worker protection, styrene standards for occupational environments are 20 ppm averaged over an 8-hour working day (20 ppm TWA) with an STEL of 40 ppm [52] .
However, findings suggest clinicians, researchers, industrial hygienists, and policy makers should be made aware of the future research needs pertaining to hearing impairment and ototoxicity from styrene exposure. It is recommended that styrene-exposed individuals be routinely evaluated with a comprehensive audiological test battery on a regular basis, to detect early signs of auditory dysfunction. Further investigation identifying auditory dysfunction and occupational styrene exposure in workers employed in boat construction and fiberglass manufacturing is required so as to better assess sufficiency of the current recommended styrene exposure limits.
Factoring for noise, consideration should be given to workers in noise-producing environments, particularly when noise levels approach 85 dBA or higher. At levels of 85 dBA or higher, appropriate engineering controls (i.e., modifying or replacing equipment, or making other related physical changes at the noise source) and/ or administrative controls (i.e., changes in the workplace, schedule, and/or distance) should be first explored as options to reduce or eliminate worker exposure to noise. To note, doubling the distance between the noise source and worker decreases noise exposures by 6 dBA. Finally, personal protective equipment may also be used, either alone or to complement engineering and administrative controls, for noise reduction.
Considerations for future research
Because of multiple confounding factors, assessment of solvent ototoxicity, in general, and styrene, in particular, is difficult. To accurately assess any relationship, multiple hearing assessment measures are necessary. Confounders such as noise, age, and sex warrant longitudinal case/control study exploration, with the inclusion or larger, random samples. Confounders such as noise, age, and sex require further longitudinal caseecontrol study exploration, with the inclusion or larger, random samples. Referencing noise, studies including low (< 85 dBA) and high (> 85 dBA) environmental conditions should also be considered. The acquisition of comprehensive baseline historical participant data should also be a consideration for future research. Finally, prior to further study initiation, biases, specifically surveyor and health worker effect also need to be considered.
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